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ABSTRACT

Many potential applications of graphene in nanotechnology depend on its thermo-mechanical
stability. We have calculated the temperature dependent properties such as the volume thermal
expansion, and thermal expansion coefficient of the graphene using the equation of state (EOS)
based on thermodynamic variables. A simple theoretical method is applied to determine the
thermal expansion and thermal expansion properties of graphene. The model employed in the
present study consists of only two input parameters and independent of potential. The results
achieved as reported in this paper are found in good agreement with those obtained from QHA-

GGA ab- initio study?®®.
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INTRODUCTION

Graphene is a two dimensional crystalline
material and discovered in 2004. It has exceptional
mechanical properties investigated by the different
researchers'® during recent past years. It has been
found that electronic structure of graphene depends
on the strain produced at different temperatures in
it. Graphene band structure can be changed by
applying strains larger than 15% 7. In addition to
that it is noted that a compressed monolayer of
graphene with size 30x100 ym? is fastened with
0.7% strain approximately®. There are two widely
used theoretical approaches available to study the
various mechanical properties. These theories are
based on elastic continuum and the interatomic

potentials (EP)* ® ° such as the Brenner potential
(REBO)' 2 and the LCBOPII potential™.

Due to instability coupled with stretching
modes, the graphene is expected to be strongly
anharmonic. This coupling plays an important role
to prevent the cracking in crystal and stabilize the
flat phase™ as confirmed by atomistic simulations
for graphene' at room temperature. This is well
established that anharmonicity is of general
importance in condensed matter in relation to
structural phase transitions'® '” '8 soft modes in
ferroelectrics', melting'®, and other related
phenomena. Since the anharmonicity in crystals is
very weak, it can be explained within the
framework of quantum theory of perturbation’® 20-
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22 However, this is not true for graphene which is a
strongly anharmonic crystal. Therefore, the atomistic
simulations offer the possibility to study anharmonic
effects for a specific material without the need of
perturbation theory. A very accurate description of
thermodynamic properties of different allotropes of
carbon including graphene™ 23 is provided by the
empirical bond order potential LCBOPI[?* 2525,

Many interatomic potentials have been
used to calculate the thermal and bending modulus
properties of graphene at zero temperature'"'2
'8, In the present study we have applied for the first
time, the potential free model to analyze the thermal
expansion behavior of graphene with varying
temperature from room temperature to higher
temperature range. The mathematical formulation
is described in section 2 and the results are
discussed in section 3.

Mathematical formulation
Considering the product of thermal

ff a : (dV j d bulk

expansion coefficient =% | 3+ | and bu
P v LaT )/,

modulus (K;) remains constant*”?¢ under the effect
of temperature i.e.

oK,= Constant ..(1)

On the basis of equation (1) Singh and
Gupta [29] derived the equation of state to determine
the values of o, and V/V, These expressions are
given below:
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Where

3.% is the value of Anderson Gruneisen
parameter (3;) and «, is the thermal expansion
coefficientat T, K is the bulk modulus and k is the
dimensionless thermoelastic parameter. The
derivations for them are not derived here as they
are already given elsewhere?®. The equation (4)
known as the integral form of equation of state has
been used to calculate the nature of volume thermal
expansion in graphene as shown in fig.1.

RESULTS AND DISCUSSIONS

In the present paper we have determined
the value of volume thermal expansion (V/V ), using
the integral form of equation of state (Eq. 4) and the
thermal expansion coefficient (TEC)of graphene
from equation (2) with varying temperature from room
temperature to 1000K. The calculated values are
shown in table 2 along with the available
experimental data. The input data used in the
present work are given in table 1 with appropriate
references. The results on thermal expansion and
thermal expansion coefficient of graphene achieved
in the present work are also shown in figures 1 and
2 and compared with the experimental values. It is
clear from figs. 1and 2 that the results achieved in
the present study are in close agreement with the
experimental data. The negative values of thermal
expansion coefficient (TEC) of graphene are

Table 1: Input data used in present work
for Graphene at room temperature

a,(A) a (10°K") K (eVA?) a,

2.4595[9] -4.8+1.0[9]  12.7[9]  2.0[30]

Table 2: Calculated values of thermal expansion
coefficient (o), volume thermal expansion (V/V)
and bulk modulus (K,) with varying temperature

Temperature qT(lo'ﬁK‘l) V/Vo

(K) calculated (Eq.2)] Exp.[25] | calculated (Eq.4)| Exp.[9]
300 -4.8 -4.8 0.9975 0.9969
400 -3.45 -3.3 0.9969 0.9963
500 -3.36 -3.2 0.9963 0.9957
600 -3.21 -3.1 0.9954 0.9951
700 -2.85 -2.9 0.9947 0.9945
800 -2.5 -2.5 0.9941 0.9938
900 -2.35 -2.1 0.9936 0.9935
1000 -2.08 -1.9 0.9928 0.993
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Fig. 1: Volume thermal expansion (V/V )
Vs temperature (T) of graphene

conformed with the temperature dependent Raman
spectroscopy?® and in good agreement with those
values obtained from QHA-GGA ab- initio study®.
This confirms the validity of the equation of state
used in the present investigation to analyze the
thermal expansion behavior of grapheme at high
temperature.
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Fig. 2: Thermal expansion coefficient
(o.;) Vs temperature (T) of graphene

On the basis of overall descriptions it is
emphasized that a simple and straightforward
method used in the present study is capable of
explaining the temperature dependent properties
of graphene successfully. The methodology
adopted in the present work may be of current
interest to those researchers engaged in the study
of mechanical properties of nanomaterials and alike
materials.
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